Endothelial cells were isolated from freshly obtained human umbilical cords by collagenase digestion of the interior of the umbilical vein. The cells were grown in tissue culture as a homogeneous population for periods up to 5 mo and some lines were subcultured for 10 serial passages. During the logarithmic phase of cell growth, cell-doubling time was 92 h. Light, phase contrast, and scanning electron microscopy demonstrated that cultured human endothelial cells grew as monolayers of closely opposed, polygonal large cells whereas both cultured human fibroblasts and human smooth muscle cells grew as overlapping layers of parallel arrays of slender, spindle-shaped cells. By transmission electron microscopy, cultured endothelial cells were seen to contain cytoplasmic inclusions (WeibelPalade bodies) characteristic of in situ endothelial cells. These inclusions were also found in endothelial cells lining umbilical veins but were not seen in smooth muscle cells or fibroblasts in culture or in situ. Cultured endothelial cells contained abundant quantities of smooth muscle actomyosin. Cultured endothelial cells also contained ABH antigens appropriate to the tissue donor's blood type; these antigens were not detectable on cultured smooth muscle cells or fibroblasts. These studies demonstrate that it is possible to culture morphologically and immunologically identifiable human endothelial cells for periods up to 5 mo.
INTRODUCTION
The endothelial cell plays an important role in physiologic hemostasis (1) (2) (3) (4) (5) (6) (7) (8) (9) , blood vessel permeability (10- An abstract of a portion of this work appeared in J. Clin. Invest. 1972. 51: 46a. (Abstr.) 12) , and the response of the blood vessel to other physiologic and pathologic stimuli (13) (14) (15) (16) (17) (18) (19) . Abnormalities of endothelial cell structure and function may contribute significantly to diseases of blood vessel walls such as thrombosis, atherosclerosis, and vasculitis (8, (17) (18) (19) . The roles of endothelial cells in these important biologic events might be better defined if it were possible to isolate and culture them for in vitro study.
Culture of these cells has been attempted by a number of investigators (20) (21) (22) (23) (24) over the last few years. but two recurring problems have hampered this work: (a) inability to maintain endothelial cells in pure culture for reasonable periods of time; (b) inability to identify the cultured cells as endothelium.
AMaruyama (20) cultured what were presumed to be endothelial cells from umbilical veins, but the characterization of these cells in culture was incomplete. In this paper we report on the long-term in vitro culture of cells derived from human umbilical veins. These cells have been identified as endothelial cells by morphologic and immunologic criteria.
METHODS
Prcparation of cells and cell cudlture. Endothelial cells were obtained from human umbilical cord veins by an adaptation of the method of Maruyama (20) . A sterile technique was utilized in all manipulations of the cord. The cord was severed from the placenta soon after birth, placed in a sterile container filled with cord buffer (0.14 M NaCl, 0.004 M KCI, 0.001 M phosphate buffer, pH 7.4, 0.011 M glucose), and held at 40C until processing. Storage time averaged about 1 h, and cords wvere discarded if held more than 3 h. The cord wvas inspected, and all areas with clamp marks were cut off. The umbilical vein was cannulated with a blunt 14 gauge needle, 2 cm long, and the needle was secured by clamping the cord over the needle with an umbilical cord tie (Nylon ties SST-2, Extracorporeal Medical Specialties, Inc., King of Prussia, Pa.). The vein was perfused with 100 ml of cord buffer to
The Journal of Clinical Investigation Volume 52 November 1973 -2745 -2756 2745 wash out the blood and allowed to drain. The other end of the umbilical vein was then cannulated with a blunt, hubless, 12 gauge needle shaft over which was slipped a 4 cm length of * in OD polyethylene tubing. 10 ml of 0.2% collagenase (type CLS, Worthington Biochemical Corp., Freehold, N. J.) in cord buffer was then infused into the umbilical vein, and the polyethylene tubing was clamped shut with a hemostat. The umbilical cord, suspended by its ends, was placed in a water bath containing cord buffer and incubated at 370C for 15 min. After incubation, the collagenase solution containing the endothelial cells was flushed from the cord by perfusion with 30 ml of cord buffer. The effluent was collected in a sterile 50 ml conical centrifuge tube (2070, Falcon Plastics, Oxnard, Calif.) containing 10 ml of Medium 199 (TC 199) ' with 20% fetal calf serum (FCS). The cells were sedimented at 250 g for 10 min and washed once with 20 ml of TC 199-20% FCS, and the cell button was resuspended by trituration in 5 ml of fresh culture medium. The yield from this procedure was in the range of 0.5-1.5 X 108 cells. The cell suspension was divided equally among four to six plastic 35-mm Petri dishes (3001, Falcon Plastics). Sufficient medium was then added to make a final volume of 2 ml/dish. Endothelial cells were cultured in TC 199 containing 20% FCS, penicillin (200 U/ml), streptomycin (200 ,xg/ml), and L-glutamine (2 mM) (Grand Island Biological Co., Grand Island, N. Y.). The dishes were incubated at 370C under 5% C02. The cells were fed twice a week with a complete change of fresh culture medium. For subculture, cells were harvested with 0.01% EDTA-0.1% collagenase.
Smooth muscle cells were cultured from umbilical cord veins by a minor modification of the above technique. Before collagenase perfusion of the vein, the entire cord was traumatized by repeatedly clamping it with a hemostat. The usual procedure was then followed. The effluent cells when cultured yielded a mixed population of endothelial cells and long spindle-shaped cells. These latter cells overgrew the endothelial cells within 2 wk and formed a pure population of spindle-shaped cells growing in multiple layers. They were identified as smooth muscle cells by ultrastructural criteria (25 Pre-paration of antisera for imum nnoflniorcsccnce studies. Human platelet actomvosin or thrombosthenin, uterine actomyosin, skeletal muscle actomyosin, and cardiac actonyosin wvere prepared as described previously (9, (28) (29) (30) .
No obvious contaminants wsere demonstrable in these antigens by polyacrylamide gel electrophoresis. Rabbit antisera to platelet actomyosin or thrombosthenin (AT), uterine actomyosin (AUAM), skeletal muscle actomyosin, and cardiac actomyosin were prepared, and smooth muscle actomyosin monospecificity was demonstrated as previously de- scril)ed (9, (28) (29) (30) Hematoxylin and eosin (X 240).
opposed, large, and polygonal with an oval, centrally located nucleus and indistinct cell borders (Fig. 2) . By phase contrast microscopy, cell borders were distinct and in some areas interdigitations appeared to connect separate cells. Cultured fibroblasts were microscopically quite unlike the cultured endothelial cells. Fibroblasts in con- (Fig. 3a) and prominent nuclei. -Many cells had numerous blebs and pits apparently on or near their surfaces: these were most prominent in the perinuclear region or near the edge of the cell. In contrast, cultured fibroblasts were spindle shaped and grew in parallel arrays. Nuclei of these cells were often not seen, and the previously described blebs and pits were not as numerous (Fig. 3b) Cultured endothelial cells were morphologicallv similar when viewed by transmission electron microscopy. The cytoplasm of these cells contained large numbers of vesicles, prominent Golgi, large quantities of smooth and rough endoplasmic reticulum, clusters of free ribosomes, bundles of fine filaments with occasional dense bodies, microtubules, and long, irregular mitoclhondria (Fig.  3c, 4a, and 4b) . In some cells, cisternae of endoplasmic reticultum were dilated and contained granular material. In occasional cells. the cytoplasm contained structures resembling discoid bodies described by \Weibel and Palade. AMoreover, many cells contained rod-shaped cytoplasmic inclusions (Fig. 4c) identical with those described in endothelial cells by WN'eibel and Palade (34) and seen in in situ endothelial cells (Fig. 4d) A more sensitive technique, the mixed-cell agglutination reaction, was used to test cultured cells for A, B, and H antigens (Table I) . Column A represents the percentage of rosettes formed when the test cells were reacted with anti-A sera, washed, and then reacted with A erythrocytes. As control, B and 0 erythrocytes were substituted for A erythrocytes; these controls were always negative. The same procedure with the obvious control substitutions was used for the B system. Because the anti-H lectin had a titer of 1: 4-1: 8 against A and B erythrocytes, control reactions with A or B erythrocytes were not performed; the A and B systems served as the control. Three separate lines of cultured fibroblasts contained no ABH antigens. Three separate lines of cul- nique more sensitive than immunofluorescence (44, 47) . Blood group antigens were not demonstrable in smooth muscle cells or in fibroblasts in situ or in vitro by either immunofluorescence microscopy or mbxedcell agglutination reactions. Therefore, demonstration of blood group antigen in cultured endothelium clearly differentiates these cells from either smooth muscle cells or fibroblasts.
The finding of a low percentage of cultured endothelial cells with detectable A and B antigen is consistent with Szulman's observation that A and B antigens are only found in the first few centimeters of umbilical vein adjacent to the fetus. Since the cord utilized in our stud- 10 20 Time (days) FIGURE 6 Growth curve of human endothelial cells in vitro. Each point represents the mean of three or four samples. SD was less than 10% of the mean for all points.
ies measured 10-30 cm in length, it is obvious that only a limited percentage of cells would contain these antigens. The heterogeneous distribution of H antigen is also consistent with the observation that only 20-60% of cells in tissue culture contain H antigen when tested by the mixed-cell agglutination technique (43, (49) (50) (51) (52) . This heterogeneity is not due to a nonhomogeneous population because it also appears in clones of cells arising from a single cell (50) .
Consideration of the data presented in these studies permits a clear differentiation of endothelial cells cultured from umbilical veins from other cultured cells on the basis of morphologic and immunologic criteria (Table II). The cell morphology, growth pattern, and the 
